The mechanism by which thrombotic vessel occlusion occurs independently of plaque development or endothelial cell (EC) disruption remains unclear, largely because of an inability to visualize the formation of thrombus, especially at the single-platelet level in real time. Here we demonstrate that rapidly developing thrombi composed of discoid platelets can be induced in the mesenteric capillaries, arterioles, and large-sized arteries of living mice, enabling characterization of the kinetics of thrombosis initiation and the multicellular interrelationships during thrombus development. Platelet aggregation without EC disruption was triggered by reactive oxygen species (ROS) photochemically induced by moderate power laser irradiation. The inflammatory cytokines TNF-␣ and IL-1 could be key components of the EC response, acting through regulation of VWF mobilization to the cell surface. Thrombus formation was then initiated by the binding of platelet GPIb␣ to endothelial VWF in our model, and this effect was inhibited by the ROS scavenger N-acetylcysteine. Actin linker talindependent activation of alphaIIb-beta3 integrin or Rac1 in platelets was required for late-phase thrombus stability. Our novel imaging technology illustrates the molecular mechanism underlying inflammation-based thrombus formation by discoid platelets on undisrupted ECs and suggests control of ROS could be a useful therapeutic target for the prevention of thrombotic diseases. (Blood. 2012;119(8): e45-e56)
Introduction
It is evident that inflammation plays a central role in the pathogenesis of cerebral and cardiovascular diseases, and the thrombotic response is an integral part of these inflammatory processes. Proinflammatory cytokines such as TNF-␣ and IL-1 promote coagulation with increased tissue factor expression, 1 which in turn induces synthesis of pro-IL-1␤ in platelets. 2 However, the cytokinerelated, multicellular kinetics at the single-platelet level during the development of thrombus in vivo remain unclear because of the absence of a real-time visualization technique with sufficient resolution to assess single-platelet kinetics in living animals.
FeCl 3 -induced thrombus formation in carotid arteries is a frequently used model, but it takes minutes to completely occlude the affected vessel. 3, 4 Moreover, this method does not allow one to track single-platelet kinetics during the formation of thrombus. Jackson et al succeeded in following a single discoid platelet in a developing thrombus and suggested activated platelets mediate the formation of thrombus via shape changes under low shear conditions, whereas discoid platelets are incorporated into growing thrombi only under high shear conditions. 5, 6 However, the precise mechanisms are unknown. In addition, conventional thrombosis models appear to involve endothelial cell (EC) disruption and exposure of the subendothelial matrix.
However, it is now clinically evident that platelet aggregation can occur on undisrupted endothelium within atherosclerotic lesions, 7 making it important for us to learn how thrombus formation occurs on undisrupted and structurally intact endothelium. We therefore developed a novel in vivo imaging method that enables clear visualization of single platelet kinetics within aggregations of discoid platelets in a thrombus developing on undisrupted endothelium. It also enables clarification of the respective contributions made by inflammatory cytokines, integrin activation, and actin reorganization to thrombus formation.
Reactive oxygen species (ROS) are thought to play major roles in the development of atherosclerosis and thrombosis. 8 ROS cause EC dysfunction, contributing to thrombus formation in vivo, 9 but the precise relationship between ROS and inflammatory cytokines during thrombosis is not yet clear. To address that issue, we recently developed an in vivo animal model of thrombosis, 10 and although we suggested that moderately increased ROS levels induced by a photochemical reaction could quickly lead to vessel occlusion, the mechanism was not defined. Since then, we have optimized our technology, and here we show that our in vivo laser injury system induces rapid formation of thrombi composed of discoid platelets without apparent EC disruption.
VWF is a glycoprotein produced in ECs and megakaryocytes and is also present in the extracellular matrix, circulating plasma, and platelets. 11 VWF contributes to the adhesion and aggregation of platelets in disrupted vessels and is critical for hemostasis and thrombosis. VWF is stored inside the Weibel-Palade bodies and undergoes exocytosis after stimulation of ECs by ROS, especially O 2 Ϫ . 12, 13 We visualized the mobilization of VWF to the EC surface in laser/ROS-stimulated vessels and demonstrated that the binding of platelet GPIb␣ to VWF on the endothelial surface is the first step in the formation of thrombus. Platelet attachment to undisrupted endothelium was followed by actin-dependent thrombus stabilization mediated by actin-linker talin-dependent activation of integrin 14, 15 and Rac1, a small Rho family GTPase. 16 , 17 Herein we found that inflammatory cytokines contribute to the mobilization of VWF, leading to the platelet aggregations. Jackson et al's findings 5, 6 that shear gradient induced the discoid platelet aggregations might be related to our findings, but they did not claim the specific molecular mechanisms. Thus, it is tempting to speculate that shear gradient changes and inflammatory cytokine signaling coordinately contribute to the discoid platelet aggregations leading to the vessel occlusion.
Methods
An expanded methods section is available in supplemental Methods (see the Supplemental Materials link at the top of the article).
Cells, reagents, and mice
Male C57BL/6J mice, age-matched integrin mutant mice (L746A and Y747A knock-in mice), TNF-␣ knockout (KO), TNF-␣-R1 KO, IL-1 ␣/␤ double KO, and IL-1RA KO mice were used. 15, [18] [19] [20] [21] Platelet-specific Rac1 KO mice (Pf4-Rac1 KO) were generated by mating Rac1 flox/flox mice and Pf4-Cre transgenic mice that were kindly provided from Dr Radek Skoda (University Hospital Basel). 22, 23 To obtain chimeric mice, BM cells from wild-type, TNF-␣ KO, or TNF-R1 KO mice were intravenously transfused into lethally irradiated recipient mice. All animals and recombinant DNA experiments were approved by the Institutional Animal Care and Use Committee and strictly followed the guidelines for animal experiments of The University of Tokyo.
Intravital microscopy and formation of thrombus
To visually analyze thrombus formation in the microcirculation of the mesentery in living animals, we used in vivo laser/ROS injury with a visualization technique developed through the modification of conventional methods. 10, 24 Anesthetized mice with a small incision made so that the mesentery could be observed without being exteriorized were administrated FITC-dextran (molecular weight [MW] 150 kDa and 10 kDa) or Texas-Reddextran (MW 70 kDa), and hematoporphyrin (1.8 mg/kg in capillaries and 5 mg/kg in arterioles and arteries) was injected to produce ROS on laser irradiation. Blood cell dynamics and thrombus formation were visualized during laser excitation, and ROS production (wave length 488 nm, 1.5 mW power at 100ϫ objective lens). Sequential images were obtained with a spinning-disk confocal microscope (CSU-X1; Yokogawa) or a Nikon A1R System with a resonance scanning system.
Image analysis
To quantify platelet dynamics, sequential images (covering Ͼ 20 seconds) were obtained and analyzed as follows. To assess the initial adherence of the platelets, attachment was defined as continuous interaction (for Ͼ 2 seconds) with the endothelium by a platelet after laser-induced injury. It was quantified as the adherent platelet numbers per observed vascular length (usually 100 m) per observation period). To quantify the development of thrombus, platelet numbers within thrombi were determined as the number of platelets tightly sticking to a vessel (Ͼ 2 seconds) or stabilized within the vessel (not moved by blood flow Ͼ 2 seconds) per observed vascular length (usually 100 m) at 10 seconds and 20 seconds after laser injury.
FACS analysis of washed mouse platelets and HUVECs
Washed mouse platelets from wild-type C57BL/6J, TNF-␣ KO, and TNF-R1 KO mice and cultured HUVECs were stimulated with the use of hematoporphyrin (as a source of O 2 Ϫ by laser irradiation), H 2 O 2 , and/or N-acetylcysteine (NAC). Some HUVECs were also treated with si-RNA targeting TNF-receptor-1 (si-TNF-R1) or with control scrambled si-RNA (si-CTRL) 48 hours before the experiments.
Statistics
We expressed the results as means Ϯ SEM. The statistical significance of differences between 2 groups was assessed by the use of Student t tests. Differences between more than 2 groups were evaluated with ANOVA followed by posthoc Bonferroni tests. We examined correlations by using the Pearson correlation coefficient test. Values of P Ͻ .05 were considered significant.
Results

Photochemically generated ROS induce thrombi composed of discoid platelets without apparent EC disruption
To induce thrombus formation, we optimized a visualization system in which ROS are produced through a photochemical reaction within mesenteric capillaries. 10 Our improved multicolor in vivo imaging technique enabled clear visualization of the real-time kinetics of leukocytes (Hoechstϩ), single platelets (antiGPIb␤), and erythrocytes (fluorescent dextran; Figure 1A and supplemental Video 1). The conventional laser-induced thrombosis method uses a high-power laser to irradiate a limited area of endothelial surface, which disrupts the endothelium and exposes the collagen layer. 3 In our model, by contrast, ROS (specifically O 2 Ϫ ) 25, 26 are produced from hematoporphyrin by the use of moderate-power laser irradiation of the entire imaging field. By using this approach, we were able to induce thrombus formation on undisrupted endothelium ( Figure 1B and supplemental Video 2). Thereafter, we sought to clarify how aggregates of discoid platelets form on the undisrupted endothelium in response to ROS.
After laser irradiation, platelets immediately started attaching to the vessel wall, after which they piled up, retarding blood flow, and the vessel lumen was eventually occluded by erythrocytes and/or leukocytes that formed a plug. The reproducibility of this system was confirmed by the finding that 90.5% Ϯ 2.4% (n ϭ 50 vessels from 5 animals) of the blood vessels tested were occluded. Two of the most striking findings were that the platelets retained a discoid shape within the developing thrombi and that the platelets attached to the apparently undisrupted endothelial wall, not to the exposed extracellular matrix. Laser/ROS-induced injury did not cause apparent disruption in the endothelium (supplemental Figure 1) . We were also able to induce thrombus formation in small mesenteric arterioles (diameters, 30.5 Ϯ 2.4 m; n ϭ 20) with almost 100% reproducibility by increasing the concentration of hematoporphyrin and the duration of laser irradiation (1 minute). Single platelets also could be visualized in the arterioles (Figure 2A ).
To better define the cell population within the thrombi, we repeated the thrombosis protocol in the presence of a fluorescent anti-GPIb␤ antibody to selectively identify platelets. We observed that platelets comprised almost 90% of the cells within the thrombi in both the capillaries and arterioles (supplemental Figure 2) , that is these thrombi were composed mainly of discoid platelets and were largely devoid of other cell types, such as leukocytes and/or erythrocytes. This finding is in stark contrast to FeCl 3 -induced thrombi, which are composed of several other cell types. 4 In our model, moreover, vessel occlusion was quickly induced, within 20-30 seconds, which is quite different from earlier thrombosis models, which required at least several minutes for occlusion. 3, 4 To confirm that the observed discoid platelet aggregation occurred on undisrupted ECs, we traced the endothelial layer by using fluorescent IB 4 isolectin and determined that the endothelium on which the thrombi developed was structurally intact (supplemental Figure 1) ; there was no extravasation of fluorescent dye (70-140 kDa fluorescent dextran; Figure 1B) . By contrast, when we used small dextran (10 kDa), administration of recombinant TNF-␣ or IFN-␥ led to visible extravasation of the fluorescent dyes, as previously reported, possibly reflecting the ECs' inflammation status (supplemental Figure 3) . 24 Under normal conditions, however, we observed none of these phenomena, which indicates that the machinery involved in our model is quite different from that involved in earlier models that use high-power laser injury, often associated with EC disruption, exposure of the extracellular matrix, and increased vascular permeability. [27] [28] [29] How then is the formation of thrombus initiated in our model if exposed extracellular matrix is not involved? By using a fluorescent ROS indicator ([APF; 3Ј-(p-aminophenyl]) fluorescein), we confirmed that the trigger for platelet aggregation was ROS production after laser irradiation (specifically O 2 Ϫ ) within all of the vessels examined ( Figure 1C ). In addition, we confirmed that an antioxidant and ROS scavenger, NAC, completely blocked the evoked platelet aggregation in vivo (supplemental Figure 4) , suggesting the potential clinical usefulness of targeting ROS in the treatment of cardiovascular diseases.
Our visualization system also enabled characterization of the fibrinogen kinetics. When the injury was created by laser, patchy fibrinogen binding was observed after 20 seconds ( Figure 1D ). Then, after 10 minutes, we observed the solidification of the developing thrombus with fibrinogen/fibrin network formation, possibly achieved via the coagulation cascade ( Figure 1E ).
Proinflammatory TNF-␣ and IL-1 signaling in ECs contributes to the formation of thrombus
It has been suggested that inflammation and ROS play major roles in the pathogenesis of vascular and thrombotic diseases, 1,30 but a direct contribution of proinflammatory cytokines and ROS to thrombus formation has not been demonstrated. It is known, however, that under pathophysiologic conditions platelets can stick to an endothelial monolayer that is not disrupted or inflamed, without exposure of the extracellular matrix. 7, 31, 32 Normal resting endothelium has a nonadhesive surface, but activated and inflamed ECs treated with cytokines are known to promote the adherence of circulating blood platelets.
Therefore, to determine the contribution made by proinflammatory cytokine signaling to our thrombosis model, we first assessed the formation of thrombus by laser/ROS in KO mice deficient in the proinflammatory cytokine TNF-␣ or IL-1 ( Figure 2 ). We found that initial adhesion of platelets to the vessel wall and subsequent thrombus growth were both markedly impaired in TNF-␣ KO mice ( Figure 2D -F). We also observed similarly impaired thrombus formation in small arterioles ( Figure 2B -C). When we calculated the initial platelet "attachment" and thrombus "development," we found that the impairment of thrombus formation in TNF-␣ and TNF-R1 KO mice was observed similarly all in small-sized capillaries (Figure 2 ), small-sized arterioles, and large-sized (femoral) arteries (supplemental Figure 5 ), indicating the usefulness as an evaluation method of thrombus formation in vivo in various sized vessels, and we can apply this thrombus formation technique also in femoral artery levels. We also confirmed the expression of TNF-R1 on the ECs of the mesenteric capillaries (supplemental Figure 6 ). Administration of rTNF-␣ restored impaired thrombus formation in TNF-␣-deficient mice but not in TNF-R1-deficient mice, indicating that TNF-␣ is a key mediator possibly involved in ROS-induced thrombosis ( Figure 3A -B).
We next examined how TNF-␣/TNF-R1 signaling associated with ROS signaling can mediate the rapid formation of thrombus. To distinguish the role of TNF-␣/TNF-R1 signaling in ECs from that in blood cells, we transplanted BM from TNF-␣ KO or TNF-R1 KO mice to generate chimeric recipient mice. The endothelium remained intact in the chimeras, but their blood cells were derived entirely from the transplanted BM. This approach previously enabled us to determine which cell type contributed to the impaired thrombus formation observed in the recipient mice ( Figure 3C-D) . 10 Notably, these chimeras exhibited no significant impairment of thrombus formation, which suggests TNF-␣/ TNF-R1 signaling in ECs, not blood cells, is critical for thrombus formation on undisrupted endothelium.
To further clarify how ROS trigger platelet aggregation, we performed a FACS analysis of ROS-treated ECs ( Figure 4A -E). We found that laser-treated hematoporphyrin (O 2 Ϫ ) markedly increased cell-surface expression of VWF in ECs and that this effect was completely blocked by the administration of NAC. This finding is consistent with an earlier report that O 2 Ϫ , but not H 2 O 2 , can directly induce VWF secretion from cultured ECs. 13 In HUVECs with si-RNA-mediated TNF-␣ knockdown, VWF mobilization was markedly reduced, indicating that TNF-␣ in ECs plays a key role in mobilizing VWF from the Weibel-Palade bodies to the cell surface on stimulation by ROS, mainly O 2 Ϫ . Moreover, the response to ROS stimulation was not diminished in platelets obtained from TNF-␣ KO or TNF-R1 KO mice, indicating that EC cells, not blood cells, are indispensible for the response to ROS/laser injury For personal use only. on April 2, 2017. by guest www.bloodjournal.org From in our model ( Figure 4F-G) . In addition, we confirmed that ROS increase endothelial P-selectin expression without affecting Eselectin expression ( Figure 4A-B) .
We also examined expression of the EC activation markers ICAM-1 and VCAM-1 after ROS stimulation of HUVECs to determine whether the impaired thrombus formation seen in TNF-␣/TNF-R1 KO mice was simply caused by a lower degree of cell activation. Although hematoporphyrin (as a source of O 2 Ϫ ) treatment for 20 minutes increased ICAM-1 and VCAM-1 expression slightly, si-RNA-mediated TNF-␣ or TNF-R1 knockdown had no affect (Figure 4C-D) . In addition, short-term treatment (20 seconds, our stimulation time for thrombus formation) did not elicit these changes (data not shown). These results rule out the possibility that TNF-␣ deficiency reduced EC activation after treatment with ROS (O 2 Ϫ ), leading to impaired thrombus formation in the KO mice. Considering that our thrombus model achieved very quick vessel occlusion in capillaries, EC and platelet activation after ROS treatment does not mainly contribute to our very quick thrombus formation in our new models.
Our in vivo results could be reproduced in vitro in microfluidic devices. We used a flow chamber system to assess in more detail how TNF-␣/TNF-R1 signaling contributes to platelet attachment to cultured HUVECs ( Figure 5 ). We found that administration of rTNF-␣ increased the attachment of platelets to HUVECs under high shear flow conditions (200 dynes/cm 2 ), where platelet aggregation is dependent on the binding of endothelial VWF to platelet GPIb␣. 33, 34 si-RNA mediated knockdown of TNF-R1 on HUVECs reduced platelet attachment, again confirming that TNF-␣/TNF-R1 signaling within ECs regulates platelet attachment to the endothelial surface under high shear conditions, which is consistent with our in vivo findings.
The results so far suggest that ROS (O 2 Ϫ )-dependent VWF mobilization is likely modulated via the TNF-␣/TNF-R1 axis in ECs. To further test this idea, we analyzed endothelial VWF expression in vivo. Administration of Alexa 647-conjugated anti-VWF antibodies enabled visualization of the EC surface expression of VWF in vivo ( Figure 6 ). Intravital staining revealed that after laser/ROS-induced injury, VWF appears on the surface of ECs within the affected capillaries and arterioles, which is consistent with our FACS results in ROS-treated HUVECs and with the idea that elevation of ROS levels induces the binding of VWF to GPIb␣ (Figures 4 and 6) . Moreover, VWF intravital staining also indicated that mobilization of VWF after laser/ROS-induced injury was diminished in both TNF␣ KO and TNF-R1 KO mice, again confirming that TNF-␣/TNF-R1 signaling participates in the rapid display of VWF on the EC surface ( Figure 6 and supplemental Figure 7) .
It is well recognized that platelets are important mediators involved in vascular inflammation, thrombosis, hemostasis, and atherogenesis, 7, 35 and that inflammation is characterized by interactions between leukocytes, ECs, and platelets. 36 For example, activated platelets are known to produce IL-1␣ and -␤. 2, 37, 38 Thus, determining the degree to which inflammatory cytokines are involved in platelet aggregation on ECs would further clarify the molecular link between thrombosis and inflammation. 
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This prompted us to examine thrombosis in IL-1 ␣/␤ double KO mice ( Figure 2J-L) . We found that the initial adhesion of platelets to ECs after laser/ROS-induced injury was diminished in the double KO mice, as was thrombus growth, which indicates IL-1 signaling is also involved in ROS-mediated thrombus formation in our model. Conversely, we confirmed that both the initial attachment of platelets to the vessel wall and subsequent thrombus development are enhanced after laser/ROSinduced injury in IL-1 receptor antagonist KO mice (supplemental Figure 8) . Thus, inflammatory processes associated with IL-1 production likely contribute to ROS-initiated thrombus formation. 35 For personal use only. on April 2, 2017. by guest www.bloodjournal.org From
Platelet activation agents induce formation of thrombi containing leukocytes and deformed platelets
To examine the formation of thrombi via mechanisms not involving ROS, we assessed the effect of promoting platelet aggregation in mice administered thrombin (supplemental Figure 9) . Thrombin directly induces integrin-mediated inside-out signaling, leading to irreversible platelet aggregation. 39 After we administered thrombin, we observed formation of thrombi with a fibrinogen network (possibly fibrin) in occluded vessels. This effect was similar to the one seen in the long-term after laser/ROS-induced thrombus formation ( Figure 1E ). In contrast to the laser injury model, however, anti-GPIb␤ staining showed that only 49.4% Ϯ 7.0% of the cells (n ϭ 30 occluded vessels) making up the thrombin-induced thrombi were platelets; the others were erythrocytes,al though leukocytes (14.5% Ϯ 1.2%, n ϭ 30 occluded vessels from 5 animals) were also present, suggesting platelet-leukocyte interactions play a major role in thrombin-induced thrombosis. However, the most remarkable finding was that the platelets within the thrombi had lost their discoid shape. Thus, the thrombosis that occurs in our model is quite different from that induced by platelet activating agents from the viewpoint of the cellular kinetics, and we consider our method to be a more useful tool with which to analyze single-platelet kinetics in the absence of other cell types, and to elucidate the effect of gene manipulation on single platelet function.
We also examined the effect of thrombin inhibitor (hirudin), and in vivo imaging showed thrombin inhibitor reduced the thrombus development in late phase (20 seconds after laser injuries), but not the initial platelet attachment during first 10 seconds, indicating that thrombin contribute to the stabilization of developing thrombus in our models (supplemental Figure 10) .
Integrin activation and thrombus stability
Initial platelet aggregation reportedly depends on a structural change in integrin ␣IIb␤3 (GPIIbIIIa) mediated by "inside-out" signaling through talin-binding at Leu746 and Tyr747 of the ␤3 integrin subunit. 14, 15 In addition, evidence suggests the level of Tyr747 phosphorylation linked with the tyrosine phosphorylation of Fyn and Lnk may contribute to the stability of the developing thrombus in this model. 10 To test whether a selective deficiency on Tyr747 phosphorylation (Y747A knock-in [KI] mice) would influence laser/ROS-induced thrombus formation in vivo compared with a Leu746 deficiency (L746A KI mice), we repeated the thrombosis protocol by using these integrin mutant mice, in which talin-dependent integrin activation was eliminated (Figure 7) . 15 After laser exposure, initial attachment to the vessel wall was unchanged in L746A KI mice ( Figure 7A ), but thrombus growth during the late phase was diminished ( Figure 7B-C) . However, both initial platelet attachment and subsequent thrombus growth were severely diminished in Y747A KI mice ( Figure 7D-F) , suggesting Tyr747 but not Leu746 is involved in initial platelet attachment leading to thrombus formation.
To evaluate the kinetics of thrombus growth and stability in more detail, we compared the changes in platelet number within developing thrombi in wild-type and Y747A mice ( Figure 7G ). In wild-type mice, the number of platelets within thrombi increased irreversibly. In Y747A KI mice, by contrast, platelet numbers within thrombi increased transiently but subsequently declined, reflecting the instability of the thrombi. It can be seen in Figure 7G , for example, that thrombi in Y747A KI mice were unstable and were washed away by the blood flow. From these findings, we conclude that talin-dependent integrin activation is required for thrombus stability and that phosphorylation at Tyr747 within the talin-binding NPXY motif of integrin is crucial.
Similar calculation of platelet numbers in developing thrombi showed that the platelet kinetics in TNF-␣ KO mice differed from both wild-type and Y747A KI mice ( Figure 7G ). Most notably, the initial attachment of platelets to the endothelium was delayed, which caused there to be a time lag before platelet numbers began to increase within thrombi. In addition, the subsequent accumulation of platelets was more gradual in TNF-␣ KO mice than in wild-type mice. The delayed initiation of thrombus formation in TNF-␣ KO mice may be caused by impaired adhesion of platelets to the undisrupted ECs, again suggesting TNF-␣/TNF-R1 signaling contributes to VWF mobilization after ROS/laser injury.
To clarify the contribution made by platelet adhesion molecules in our thrombosis model, we again used flow cytometry to examine the effects of ROS stimulation on the expression of adhesion molecules on mouse platelets (Figure 4) . We found that the levels of P-selectin and GPIIbIIIa expression on platelets were all increased by ROS treatment, and these effects were inhibited by NAC. However, the increase in the expression of these platelet activation markers was relatively mild compared with levels seen with platelet activation agonists. 40 Other markers of platelet functionality and activation were unaffected by ROS treatment. Again, the rapidity with which thrombi formed in our model (within 20 seconds) make it unlikely that ROS-induced EC or platelet activation is a primary contributor to thrombus formation in our new model. 
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Actin cytoskeleton associated with lamellipodia formation is also required for thrombus stability Because thrombus stability appeared to require a mechanical link between ␤3 integrin and the actin cytoskeleton, we next examined the role of actin cytoskeletal reorganization in our thrombosis model. Rac1 is the major mediator of lamellipodia formation in platelets in vitro. 16, 17 In addition, Rac1 is reportedly required for thrombus stabilization in conventional in vivo thrombosis models entailing thrombin-stimulated actin reorganization, 16 and in thrombin-stimulated granule secretion. 41 When we assessed thrombus formation in platelet-specific Rac1 KO mice (platelet factor 4 promoter-dependent deletion of Rac1: Pf4-Rac1 KO), we found that only the late-phase thrombus stabilization was impaired, but the effect of Pf4-Rac1 KO was modest in comparison to Y747A KI ( Figure 7D-F, and 7H-J) . This finding indicates that both thrombin-PAR signaling-mediated integrin activation and Rac1 activation may be involved in thrombus stabilization, but not in initial platelet adhesion, and further confirm that tyrosine phosphorylation at Y747 of ␤3 integrin is likely required for stable adhesion of thrombi to the endothelium.
Binding of endothelial VWF to platelet GPIb␣ contributes to the initiation of discoid platelet aggregation
We next asked how ROS acting via the TNF-␣/TNF-R1 axis cause ECs to trap circulating platelets, leading to discoid platelet aggregation in our models? We suspected that increased exposure of endothelial VWF might contribute to the binding of VWF to platelet GPIb␣. To test that idea, we administered a neutralizing anti-GPIb␣ antibody, which completely blocked both platelet adhesion and thrombus development, which confirmed that that VWF-GPIb binding is a critical step in the rapid onset of discoid platelet aggregation in both capillaries and arterioles after ROS/ laser injuries ( Figure 6 ).
We also assessed the contributions of P-selectin and E-selectin to thrombus formation using respective KO mice. We found that P-selectin deficiency impaired both initial platelet adhesion and thrombus development, but the effect was relatively minor, compared with GPIb␣ inhibition. E-selectin deficiency did not alter thrombus formation (Figure 6 ).
From the results summarized in Figure 7G , which show that TNF-␣ deficiency delayed adhesion of platelets to ECs, we suggest that TNF-␣/TNF-R1 signaling maintains and/or amplifies ROS signaling, leading to mobilization of VWF to the EC surface. Indeed, the absence of TNF-␣/TNF-R1 signaling led to weak and delayed discoid platelet aggregation (Figures 2 and 7G) . We therefore conclude that the rapid onset of discoid platelet aggregation on undisrupted ECs is mediated by proinflammatory cytokine signaling, even when the endothelium is not disrupted, and that subsequent thrombus stability is mediated via integrins and actin linkers. Finally, our in vivo imaging is not only useful for analyzing platelet kinetics, it could also provide novel clues to improved strategies for the treatment of thrombotic diseases.
Discussion
Severe vascular injuries cause de-endothelialization and exposure of the subendothelial matrix. However, it also has been reported that thrombosis can occur on the undisrupted endothelium. 7 It is therefore crucially important to determine how platelets and ECs interact to form thrombi in the absence of apparent disruption of the vessel lumen. Our in vivo imaging system, which enables characterization of single-platelet kinetics during thrombus formation, revealed that (1) discoid platelet aggregation occurs rapidly on undisrupted endothelium after photochemical O 2 Ϫ production among mesenteric capillaries and arterioles and femoral arteries ( Figure 1 and supplemental Figure 5) ; (2) the thrombi formed are composed almost entirely of discoid platelets (Figure 1 and supplemental Figure 2) ; (3) the proinflammatory TNF-␣/TNF-R1 axis within ECs is a key regulator of this rapid attachment of platelets to the endothelium, possibly acting via stimulation of VWF display on the endothelium in response to ROS (Figure 2 and 7G); (4) the early phase of platelet attachment to undisrupted endothelium requires specific integrin signaling via Tyr747 but not Leu746 in the ␤3 cytoplasmic domain ( Figure 7) ; (5) talindependent activation of ␣IIb␤3 integrin is indispensable for thrombus stability (Figure 7) 15 ; (6) Rac1, which is essential for the actin reorganization needed for lamellipodial changes in vitro and thrombin-induced granule secretion, plays a major role in thrombus stabilization ( Figure 7 ); (7) expression of P-selectin, but not E-selectin, is increased by ROS and contributes to platelet cohesion and subsequent thrombus development ( Figure 6 ); and (8) the ROS scavenger NAC potently inhibits discoid platelet aggregationbased thrombus formation in our model, and also normalizes platelet activation after ROS treatment in vitro ( Figure 4 and supplemental Figure 4) .
With our system, we can visualize and quantitatively analyze single platelet kinetics in vessels ranging from capillaries to arterioles. Consequently, this method can be very effective for analyzing disease models targeting both small vessels (eg, disseminated intravascular coagulation) and larger arteries (eg, acute coronary syndrome closely related to thrombosis and artery occlusive diseases). Single-platelet analysis enabled us to separately examine the initial platelet attachment to vessels, thrombus growth, and stabilization of the developing thrombus, which are all dependent on different underlying molecular mechanisms. In addition, visualization of fluorescent molecules, such as fibrinogen and VWF, could be used to analyze the molecular kinetics in vivo, which would be useful for analyzing the cellular kinetics of thrombus formation.
In our model, thrombi were composed mainly of discoid platelets, without other cell types. By increasing the laser power and limiting the stimulation field to increase the ROS levels, we could induce platelet deformation like that seem after administration of platelet activation drugs such as thrombin (supplemental Figure 9 and 11 ), but the emergence of deformed platelets is a rare phenomenon. We therefore used moderate laser power to induce thrombus formation and mainly analyzed the kinetics of undeformed discoid platelets. This approach kept EC damage to a minimum and enabled us to address the clinical questions: How do platelets initially attach to vessel walls in living animals, and what are the first steps in the pathogenesis of cardiovascular diseases, especially those involving the occurrence of thrombotic events within vessels in the absence of plaque or erosion? 7 Inflammation leads to an imbalance between the procoagulant and anticoagulant properties of ECs, which can lead to local stimulation of the coagulation cascade. TNF-␣, the first proinflammatory cytokine released at sites of infection, is a potent inducer of immune defense mechanisms and a mediator of leukocyte recruitment. The authors of previous studies showed that TNF-␣ promotes coagulation by inhibiting synthesis of protein C and stimulating synthesis of tissue factor. 36 Here we observed impaired thrombus formation in TNF-␣ KO mice, and the results obtained with For personal use only. on April 2, 2017. by guest www.bloodjournal.org From chimeric mice indicate that TNF-␣/TNF-R1 signaling within ECs is a key positive regulator of thrombus formation. This is consistent with earlier results that ECs stimulated with inflammatory cytokines exhibit increased platelet adhesion. 42, 43 We observed that ECs treated with TNF-␣ showed increased platelet attachment under flow conditions in vitro ( Figure 5) . Conversely, mobilization of VWF to EC surfaces after laser/ROS-induced injury was reduced by TNF-␣ deficiency both in vivo and in vitro ( Figure 6 and supplemental Figure 7) , although the level of impairment of thrombus formation in TNF-␣ KO mice was not dramatic (Figure 2 ).
Considering that we were able to induce thrombus formation within seconds in capillaries after laser injuries, inflammatory cytokines within ECs, even at low levels, may determine sensitivities to ROS signaling and the levels of adhesion molecule For personal use only. on April 2, 2017. by guest www.bloodjournal.org From expression. In fact, VWF mobilization to the EC surface is, at least in part, mediated by TNF-␣/TNFR1 signaling ( Figure  6 and supplemental Figure 7 ). In addition, IL-1, which is present at relatively high concentrations in platelet granules, also appears to be involved in thrombus formation in our model. IL-1␤ has also been identified as a key mediator of plateletinduced activation of ECs, 44 and its production has been observed in activated platelets 2 (Figure 2 ). These findings, together with our observation that IL-1␣ and -␤, play key roles in the initial attachment of discoid platelets to the vessel wall and in subsequent thrombus formation suggest a vicious cycle is activated in which thrombotic events stimulate pro-thrombotic inflammatory responses in both ECs and platelets.
ROS are key mediators of the signaling that underlies the vascular inflammation leading to atherogenesis. 9 Exogenous ROS reduce the threshold for platelet activation in response to agonists and induce spontaneous platelet aggregation through unknown mechanisms. 8 In addition, NAD(P)H-oxidase-dependent platelet ROS production enhances the recruitment of platelets to developing thrombi. It has been assumed that under pathophysiologic conditions up-regulation of O 2 Ϫ production by hyperactivated platelets serves as the physiologic basis for prolonged thrombus formation. 9 In addition, the oxidant stress linked to ROS production promotes dysregulation of ECs. All known risk factors for atherothrombosis promote ROS production, 8, 45 and it is thus tempting to speculate that ROS and proinflammatory cytokines act in concert within the "inflamed" vasculature, although atherosclerotic lesions have not been directly visualized in human subjects. In the present study, we demonstrated that ROS rapidly induce the onset of thrombus formation on undisrupted endothelium independently of platelet agonists. In addition, platelet activation via talin-dependent ␣IIb␤3 integrin signaling appears to be critical for late phase thrombus stability in our model ( Figure 7 and supplemental Figure 12 ). 46 Haling et al reported that talin-dependent integrin activation associated with actin cytoskeletal changes is required for fibrin clot retraction and is essential for thrombus stability. 47 Our in vivo findings are consistent with those earlier results.
We also found that the administration of NAC reduced levels of both GPIIbIIIa, as well as P-selectin expression in platelets, and inhibited platelet aggregation in vivo (Figure 4 and supplemental Figure 4 ). Although NAC is reported to be a potent inhibitor to plasma VWF multimers, 48 it may also act directly as a ROS scavenger, suggesting ROS scavenging might be a useful therapeutic strategy for inhibiting thrombus formation in vivo. Sarratt et al 49 reported that GPVI and integrin ␣2 play critical roles during platelet aggregation on collagen under flow conditions.
The present findings do not enable us conclude as to the precise molecular mechanism by which ROS acted via TNF-␣ signaling and VWF mobilization in ECs to induce thrombus formation. Whereas GPIb␣ blockade and NAC treatment almost completely blocked ROS/laser-induced thrombus formation in vivo ( Figure  2 and supplemental Figure 4) , TNF-␣, TNF-R1, IL-1, and Rac-1 deficiency and functional integrin mutation all had only moderate effects on thrombus formation, though Y747A integrin mutation had a more marked effect. It may be that inflammatory cytokine and integrin signals act cooperatively with actin reorganization to mediate thrombus formation in our model. Alternatively, one or more as yet unknown factors might also influence VWF mobilization. Although elucidating this mechanism could be important when considering possible future therapeutic interventions, we considered that this is beyond the scope of this technical report.
In summary, by using our imaging system, we have clarified the mechanism by which thrombi are rapidly formed by discoid platelets on undisputed endothelium. Specifically, in vivo imaging along with kinetic studies showed the importance of endothelial TNF-␣ and IL-1 signaling for initiating GPIb binding to VWF. The initial platelet aggregation subsequently leads to irreversible integrin-and actin-dependent thrombus development.
Jackson et al's previous findings show that shear gradient induced the discoid platelet aggregations, 5, 6 and here in we clarified that inflammatory cytokine signaling in ECs play pivotal role in discoid platelet aggregations in vivo. Although, they did not claim the specific molecular mechanisms, but it is tempting to speculate that shear gradient changes and inflammatory cytokine signaling coordinately contribute to the discoid platelet aggregations leading to the vessel occlusion. 
